The bone loss induced by ovariectomy (ovx) has been linked to increased production of osteoclastogenic cytokines by bone marrow cells, including T cells and stromal cells (SCs). It is presently unknown whether regulatory interactions between these lineages contribute to the effects of ovx in bone, however. Here, we show that the T-cell costimulatory molecule CD40 ligand (CD40L) is required for ovx to expand SCs; promote osteoblast proliferation and differentiation; regulate the SC production of the osteoclastogenic factors macrophage colony-stimulating factor, receptor activator of nuclear factor-κB ligand, and osteoprotegerin; and upregulate osteoclast formation. CD40L is also required for ovx to activate T cells and stimulate their production of TNF. Accordingly, ovx fails to promote bone loss and increase bone resorption in mice depleted of T cells or lacking CD40L. Therefore, cross-talk between T cells and SCs mediated by CD40L plays a pivotal role in the disregulation of osteoblastogenesis and osteoclastogenesis induced by ovx.
The bone loss induced by ovariectomy (ovx) has been linked to increased production of osteoclastogenic cytokines by bone marrow cells, including T cells and stromal cells (SCs). It is presently unknown whether regulatory interactions between these lineages contribute to the effects of ovx in bone, however. Here, we show that the T-cell costimulatory molecule CD40 ligand (CD40L) is required for ovx to expand SCs; promote osteoblast proliferation and differentiation; regulate the SC production of the osteoclastogenic factors macrophage colony-stimulating factor, receptor activator of nuclear factor-κB ligand, and osteoprotegerin; and upregulate osteoclast formation. CD40L is also required for ovx to activate T cells and stimulate their production of TNF. Accordingly, ovx fails to promote bone loss and increase bone resorption in mice depleted of T cells or lacking CD40L. Therefore, cross-talk between T cells and SCs mediated by CD40L plays a pivotal role in the disregulation of osteoblastogenesis and osteoclastogenesis induced by ovx.
estrogen | osteoporosis M enopause results in decreased production of estrogen (E) and a parallel increase in FSH levels, which together stimulate bone resorption (1) and cause a period of rapid bone loss that is central for the onset of postmenopausal osteoporosis (2) . The acute effects of menopause are modeled by ovariectomy (ovx) which, like natural menopause, stimulates bone resorption by increasing osteoclast (OC) formation (3, 4) and lifespan (5, 6) . The net bone loss caused by ovx is limited by an increase in bone formation resulting from stimulated osteoblast (OB) formation (7) . This compensation is fueled by an expansion of the pool of bone marrow (BM) stromal cells (SCs), increased commitment of SCs to the osteoblastic lineage (7) , and enhanced proliferation of early OB precursors (8) . The stimulatory effect of ovx on SCs is equally relevant for osteoclastogenesis because one of the consequences of E deprivation is the formation of osteoblastic cells with increased osteoclastogenic activity (9) , that is, the capacity to support OC formation.
OC formation occurs when bone marrow macrophages (BMMs) are stimulated by the osteoclastogenic factors receptor activator of nuclear factor-κB ligand (RANKL) and macrophage colony-stimulating factor (M-CSF) (10, 11) ; however, in conditions of E deficiency, the secretion of the RANKL decoy receptor osteoprotegerin (OPG) decreased (12) , whereas RANKL and other cytokines, including TNF-α, IL-1, IL-6, IL-7, and M-CSF, are produced in greater amounts (3, 13, 14) . The compensatory increase in bone formation that follows ovx is mitigated by some of these factors, primarily TNF and IL-7, which blunt osteoblastogenesis (15, 16) . The pathogenic role of cytokines distinct from RANKL and OPG has been established by studies demonstrating that the silencing of TNF, IL-1, IL-6, IL-7, and M-CSF prevents ovx-induced bone loss (17) (18) (19) (20) (21) (22) (23) .
OBs are the significant sources of M-CSF, RANKL, OPG, IL-6, and IL-7 (12), whereas T lymphocytes are a critical source of TNF (3) . Attesting to the relevance of T cell-produced TNF, T cell-deficient nude mice are protected against the loss of cortical and trabecular bone induced by ovx (24) (25) (26) . Furthermore, the capacity of ovx to induce bone loss is restored by adoptive transfer into nude mice of T cells from WT mice but not of those from TNF −/− mice (17) . Interactions between T cells and SCs may regulate the response of these lineages to ovx. For example, activated T cells induce SC apoptosis via the Fas/Fas ligand pathway, thus blunting the compensatory increase in bone formation that limits bone loss in ovx mice (26) . Another mediator of T-cell-SC crosstalk is the T-cell costimulatory CD40 ligand (CD40L) (27) . This surface molecule, also known as CD154, exerts its effects by binding to CD40 (28) and several integrins (29) (30) (31) (32) . CD40 is expressed on antigen-presenting cells (33) , SCs, and OBs (34) . The CD40/CD40L system is crucial for T-cell activation and several functions of the immune system. It promotes macrophage activation and differentiation, Ab isotype switching, and the adequate organization of immunological memory in B cells (35) . Binding to the integrins α IIb β 3 (29, 30) , Mac-1 (31), and α 5 β 1 , which are widely expressed in the BM, is known to account for additional inflammatory effects of CD40L (32) .
Recently, CD40L has been linked to postnatal skeletal maturation because T cells, through the CD40L/CD40 system, promote production of the antiosteoclastogenic factor OPG by B cells (36) . Consequently, CD40L-deficient mice attain a reduced peak bone volume attributable to stimulated bone resorption (36) . Low bone density has also been found in children affected by X-linked hyper-IgM syndrome, a condition in which CD40L production is impaired because of a mutation of the CD40L gene (37) . Mice lacking T cell-expressed CD40L are protected against parathyroid hormone (PTH)-induced bone loss (38) , however, raising the possibility that CD40L may exert antiresorptive activities in unstimulated conditions, although promoting bone resorption under conditions of bone stress.
The present study was designed to evaluate the role of CD40L on ovx-induced bone loss. We show that T cells regulate SC production of osteoclastogenic cytokines through CD40L. As a result, mice lacking T cells or CD40L do not sustain the acute bone loss triggered by the decline of ovarian function.
Results
Ovx Fails to Cause Bone Loss in T Cell-Depleted and CD40L Null Mice.
First, mice were depleted of T cells in vivo by injecting anti-CD4/ 8 Abs (38), a treatment modality referred to hereafter as T-cell depletion. Mice were injected multiple times with CD4/8 or irrelevant Abs from the age of 10-14 wk; underwent sham surgery or ovx at the age of 12 wk; and were killed 2 wk later, a length of time used by others to investigate the acute phase of bone loss induced by ovx (5) . Cancellous bone was analyzed by microcom-puted tomography (μCT) using femurs harvested at sacrifice. Ovx lowered trabecular bone volume (BV/TV) and deteriorated indices of bone structure in T cell-replete controls (Fig. 1A) . In contrast, T cell-depleted mice were completely protected against the loss of BV/TV and the changes in bone structure induced by ovx.
Bone histomorphometry confirmed that ovx induced a loss of BV/TV and increased in two indices of bone resorption, the number of OCs per bone surface (N.Oc/BS) and the percentage of surfaces covered by OCs (Oc.S/BS), in T cell-replete but not T cell-depleted WT mice (Table 1) . Ovx is known to induce an immediate drop in bone formation, which is followed by a longlasting period of enhanced formation (39) . In accordance with this temporal sequence and reports by others (26) , measurements of the number of OBs per bone surface and the percentage of surfaces covered by OBs disclosed that neither T cellreplete nor T cell-deficient mice displayed significant changes in trabecular bone formation 2 wk after ovx.
Next, WT and congenic CD40L −/− mice were subjected to ovx or sham surgery at the age of 12 wk and killed 2 wk later. Ovx induced bone loss in WT mice, although no changes occurred in CD40L −/− mice (Fig. 1B) . Parameters of trabecular structure were also differentially affected by ovx in WT and CD40L null mice, because trabecular bone thickness, trabecular bone number, and trabecular bone separation were more substantially deteriorated by ovx in WT than in CD40L −/− mice. Analysis of cortical bone by μCT revealed that CD40L −/− mice were also protected against cortical bone loss (Fig. S1) .
Quantitative bone histomorphometry confirmed that ovx induced a significant loss of BV/TV and increased N.Oc/BS and Oc.S/BS in WT mice but not in CD40L −/− mice ( Table 1 ). Indices of bone formation were not affected by ovx in control and CD40L −/− mice. To demonstrate a role for CD40L in ovx-induced bone loss in animals with normal bone structure and turnover at baseline, 12-wk-old WT mice were subjected to ovx or sham surgery and treated with the neutralizing anti-CD40L Ab MR-1 (40) or irrelevant isotype-matched Ab (CD40L Irr. Ig) for 3 wk, starting 1 wk before surgery. Neutralization of CD40L by MR-1 treatment decreased the loss of femoral BV/TV significantly as well as the deterioration of indices of bone structure induced by ovx (Fig. 1C) .
Measurements of serum levels of C-terminal telopeptide of collagen (CTx), a marker of bone resorption, confirmed that ovx increases bone resorption in control mice but not in T celldepleted mice, CD40L
−/− mice, and mice treated with MR-1 Ab (Fig. 1D ).
To determine whether T cells and CD40L promote bone resorption by stimulating osteoclastogenesis, BM was harvested 2 wk after surgery from T cell-depleted mice, CD40L null mice, and their respective controls and cultured with RANKL for 7 d. Ovx increases OC formation in BM from control mice but fails to do so in BM cultures from T cell-depleted, CD40L
−/− , and MR-1-treated mice (Fig. 1E) . Thus, both in vivo depletion of T cells and silencing of CD40L blunt the capacity of ovx to stimulate osteoclastic bone resorption and induce bone loss.
Ovx Increases the Number and Osteoclastogenic Activity of SCs
Through CD40L. Next, we investigated whether ovx expands SCs and regulates their function through CD40L expressed on T cells. Ovx increased the proliferation of SCs from control mice but not those from T cell-depleted mice, CD40L
−/− mice, and MR-1-treated mice ( Fig. 2A) . As a result, ovx increased the number of SCs harvested from the BM by approximately twofold in samples from control mice. By contrast, ovx had no effects on the number of SCs from T cell-depleted mice and mice lacking CD40L (Fig. 2B) .
To investigate cytokine production, SCs and T cells purified from intact mice were cocultured for 7 d. The T cells were then removed, and the mRNA levels of M-CSF, RANKL, and OPG were measured by RT-PCR. Incubation with T cells altered the SC mRNA levels of these factors by two-to fourfold (Fig. 2C) . Moreover, addition of anti-CD40L Ab but not irrelevant Ab blocked the regulating effects of T cells, suggesting that T cells up-regulate the SC production of osteoblastogenic and osteoclastogenic factors through CD40L.
To investigate the role of CD40L on SC differentiation, BM was harvested 2 wk after ovx or sham surgery and cultured for 1 wk to assess the formation of alkaline phosphatase (ALP)-positive cfu fibroblast, herein defined as CFU-ALP, an index of SC commitment to the osteoblastic lineage. Ovx increased CFU-ALP formation in the BM from T cell-replete mice by approximately twofold, although it had no effect on BM from T celldepleted mice and CD40L null mice (Fig. 2D ), thus indicating that ovx increases the number of SCs with osteogenic potential through T cell-expressed CD40L.
Analysis of the expression levels of osteoblastic genes in SCs revealed that ovx increased the expression of type 1 collagen, osteocalcin, osterix, and runx2 mRNAs by approximately two-to threefold in SCs from control mice ( Fig. 2 E-H) . In contrast, ovx had no effects on the expression of OB-related genes in SCs from T cell-depleted and CD40L null mice, thus demonstrating that T cells promote the capacity of ovx to expand the osteoblastic pool and cell differentiation along the osteoblastic lineage through CD40L.
Ovx is also known to increase the osteoclastogenic activity of SCs (9), herein defined as their capacity to support OC formation in vitro. To test the hypothesis that ovx regulates the osteoclastogenic activity of SCs through T cells, control and T cell-depleted WT mice were killed 2 wk after surgery. BM SCs were purified and cocultured with BMMs harvested from intact WT mice for 7 d. The cocultures were stimulated with PTH, an agent that promotes OC formation by targeting SCs. At the end of the culture period, the cultures were stained for tartrate-resistant acid phosphatase and the OCs were counted. Under these conditions, PTH-induced OC formation is a function of SC osteoclastogenic activity. We found that cocultures with SCs from ovx T cell-replete mice produced a larger number of OCs than those with SCs from shamoperated T cell-replete mice (Fig. 3A) . By contrast, cocultures with SCs from sham-operated and ovx T cell-depleted mice produced a similar number of OCs, suggesting that T cells are required for ovx to promote the generation of SCs with increased osteoclastogenic activity.
The experiment described above was repeated using SCs from WT and CD40L −/− mice. Cocultures containing SCs from WT ovx mice generated a larger number of OCs, as compared with those with SCs from WT sham-operated mice. Importantly, cocultures with SCs from sham-operated and ovx CD40L −/− mice generated a similar number of OCs (Fig. 3B) , thus demonstrating that CD40L is required for ovx to generate SCs with high osteoclastogenic activity.
Next, SCs and BMMs from intact WT mice were cocultured with T cells harvested 2 wk after surgery from WT sham-operated and ovx mice. The cocultures were treated with PTH and either irrelevant Ig or neutralizing anti-CD40L Ab. We found (Fig. 3C ) that cocultures with T cells from ovx mice formed a larger number of OCs than those with T cells from shamoperated mice and that neutralization of CD40L eliminated the increased capacity of T cells from ovx mice to stimulate OC formation. These findings confirmed that T cells regulate SC osteoclastogenic activity through CD40L.
One of the mechanisms by which ovx stimulates the osteoclastogenic activity of SCs is by regulating their production of osteoclastogenic cytokines. Thus, we sought to determine the contribution of T cells and CD40L to SC production of osteoclastogenic factors. To achieve this goal, BM was harvested 2 wk after surgery from sham-operated and ovx WT control mice, WT mice immunodepleted of T cells, CD40L −/− mice, and MR-1-treated WT mice. SCs were then purified, and the levels of M-CSF, RANKL, and OPG were measured in the 72-h culture media by ELISA. Ovx increased the SC production of M-CSF and RANKL and lowered that of OPG in T cells from control mice (Fig. 3 D-F) , whereas ovx did not alter the production of these three cytokines by SCs from T cell-deficient WT mice and in mice with silent CD40L.
Ovx Disregulates T-Cell TNF Production Through CD40L. To investigate the contribution of CD40L to the activation of T cells induced by ovx, WT mice were killed 2 wk after ovx or sham surgery, and whole BM was stained for CD4, CD8, and CD40L. Ovx increased the fraction of CD40L + CD4 + cells by approximately threefold, although it had negligible effects on CD8 + cells (Fig. S2A) . Moreover, ovx increased the percentage of CD4 + and CD8 + cells expressing the activation marker CD69 by approximately two-to threefold in control mice, although it had no effects in CD40L −/− mice and MR-1-treated WT mice (Fig. S2 B-E) .
Analysis of T-cell proliferation by in vivo BrdU incorporation disclosed that ovx increased BM T-cell proliferation in WT mice but not in CD40L
−/− mice and MR-1-treated WT mice (Fig. S2F ). In accordance with the changes in T-cell proliferation, we found that ovx caused an ∼2.5-fold increase in the number of total T cells in WT mice, whereas it had no significant effects in CD40L −/− mice and MR-1-treated mice (Fig. S2G) . Together, these findings demonstrate that CD40L plays a pivotal role in the mechanism by which ovx induces the expansion of T cells in the BM.
To investigate whether CD40L expression is required for ovx to increase TNF production in T cells, BM T cells were harvested 2 wk after ovx and sham surgery and cultured for 48 h. Intracellular staining for TNF showed that ovx increased the fraction of T cells producing TNF from 40 ± 0.5% to 48 ± 0.4% in WT mice but not in CD40L −/− mice and MR-1-treated mice. Measurements of TNF mRNA expression by RT-PCR and of TNF protein levels in the culture media by ELISA showed that ovx increased TNF mRNA levels in T cells (Fig. S2H) and TNF protein levels in the T-cell culture media by approximately twofold in samples from WT mice but not in those from CD40L −/− mice and MR-1-treated mice (Fig. S2I) . Thus, ovx increases TNF production of T cells through CD40L mainly by increasing the number of BM T cells but also by enhancing the fraction of TNFpositive T cells and the TNF production per T cell.
Discussion
We report that immunodepletion of T cells in vivo and silencing of the T-cell costimulatory molecule CD40L abrogate the capacity of acute E deprivation to stimulate OB and OC formation and induce bone loss. We also show that CD40L is required for ovx to increase the T-cell production of TNF and the SC generation of osteoclastogenic cytokines. This insight supports a role for T-cell/bone-cell cross-talk in the mechanism by which ovx causes bone loss.
Among the mechanisms responsible for ovx-induced bone loss is an expansion in the BM of activated T cells that produce TNF (17, 24) . This phenomenon results from enhanced thymic-dependent differentiation of BM-derived progenitors and peripheral expansion of mature T cells (41, 42) . Ovx causes the peripheral expansion of T cells by enhancing antigen presentation through increased expression of MHCII (41, 43) , which, in turn, is driven by a complex mechanism that involves increased production of IFN-γ and IL-7, blunted generation of TGF-β in the BM (22, 25, 41, 44) , and up-regulation of the costimulatory molecule CD80 on dendritic cells secondary to increased oxidative stress (43, 45) .
In support of a role of T cells in the bone loss induced by E deprivation are reports from our laboratory that ovx fails to induce trabecular and cortical bone loss in nude mice (17, 24, 25, 44) and in WT mice treated with abatacept (43) , an agent that blocks T-cell costimulation and induces T-cell anergy and apo- ptosis (46, 47) . An independent confirmation of the role of T cells was provided by Yamaza et al. (26) , who reported that ovx fails to induce bone loss in nude mice and WT mice in which T-cell activation was blocked by aspirin. By contrast, Lee et al. (48) showed that nude mice are protected against the loss of cortical but not trabecular bone induced by ovx. In the same study, other strains of T-cell and T-and B-cell deficient mice were found to lose either trabecular or cortical bone after ovx (48) . The discrepancy between our reports (17, 24, 25, 43, 44) and that of Lee et al. (48) is likely explained by differences in the experimental design, the lack of B cells in some models, and compensation mechanisms.
To avoid the confounding effect of compensation mechanisms, we investigated the effects of ovx in WT mice that were depleted of T cells in vivo by treatment with anti-CD4 and anti-CD8 Abs. We also determined the effects of ovx in CD40L −/− mice, a strain in which T-cell activation is impaired. Because T cell-deficient mice and CD40L −/− mice have reduced bone mass and increased bone turnover at baseline (36) , additional studies were conducted in WT mice treated with MR-1, an Ab that neutralizes CD40L in vivo (40) . T-cell immunodepletion was achieved by initiating anti-CD4/8 Ab treatment 2 wk before surgery. This design was required because the conditioning effect of T cells on SCs persists for ∼2 wk (38) . Postsurgical follow-up was limited to 2 wk because partial T-cell recovery was observed in a preliminary study after longer CD4/8 Ab treatment. The length of the study was sufficient to evaluate the effects of gonadectomy on bone, because the rate of bone loss is highest in the first 2 wk after ovx. The changes in bone resorption and bone volume induced by ovx parallel those in lymphopoiesis and T-cell activation, which also peak early after ovx (41) (42) (43) . Long-term studies are required to determine the role of CD40L during the chronic adaptation to E deficiency, however.
We found that both in vivo immunodepletion of T cells and silencing of CD40L confer complete protection against the increase in bone resorption and the bone loss induced by ovx. We also found that ovx up-regulates the expression of CD40L in CD4 + T cells and that silencing of CD40L abrogates the increase in T-cell TNF production that follows E withdrawal. Together, these data confirm that T cells and their costimulatory molecule CD40L play a pivotal role in ovx-induced bone loss.
A key finding of this study is that the deletion of CD40L blunts the stimulatory effects of ovx on SCs. Specifically, we found CD40L to be required for ovx to increase the capacity of SCs to support OC formation through enhanced production of M-CSF and RANKL and diminished secretion of OPG. Ovx was found to up-regulate the proliferation and differentiation of SCs, a finding likely to suggest that differentiation is restricted to SCs that are distinct from those undergoing proliferation. Moreover, SCs from T cell-depleted mice and CD40L −/− mice failed to respond to ovx with an increase in proliferation and enhanced differentiation into OBs. Thus, a critical additional mechanism by which T cells disregulate bone homeostasis in ovx mice is through CD40L-mediated cross-talk between T cells and SCs, which results in enhanced osteoclastogenesis and osteoblastogenesis. We thus propose a model (Fig. S3) whereby ovx increases the number of activated CD40L-expressing T cells that promote the expression of M-CSF and RANKL by SCs and down-regulates the SC production of OPG. The net result is a significant increase in the rate of osteoclastogenesis. The interaction of CD40L with CD40 on SCs in the context of E deficiency appears to override the protective effects of CD40/CD40L costimulation on basal B-cell OPG production (36) , distorting the balance of OC formation in favor of bone loss.
The CD40L-mediated T-cell/SC cross-talk has been previously shown to play a critical role in the bone loss induced by continuous infusion of PTH, which is a model of primary hyperparathyroidism (38) . Therefore, it will be important to determine if the conditioning effect of CD40L on SCs contributes to bone loss in other skeletal diseases.
Strikingly, although silencing of CD40L impairs the response to bone catabolic stimuli, such as ovx and PTH, CD40L is required for normal bone modeling and baseline remodeling. In fact, the current and previous reports from our laboratory (36, 38) have disclosed that CD40L −/− mice have a lower bone volume than WT controls, primarily because stimulation of CD40 signaling in B cells by T cell-expressed CD40L induces OPG production, thus reducing bone resorption (36) . These findings are concordant with studies in humans demonstrating that osteopenia is a frequent clinical feature of subjects with X-linked hyper-IgM syndrome, an inherited disorder caused by mutations in the gene encoding CD40L (37) .
T cell-deficient mice are also known to have low bone mass and increased bone resorption attributable to impaired B-cell production of OPG (36) . In this study, however, indices of bone volume and structure were not significantly lower in shamoperated T cell-depleted mice as compared with T cell-replete controls because of the short duration of the T-cell depletion.
In summary, the present investigation demonstrates that acute E deprivation disregulates osteoblastogenesis, and osteoclastogenesis through the T-cell costimulatory receptor CD40L. Understanding the cross-talk between T cells and mesenchymal stem cells may yield previously undescribed therapeutical strategies for postmenopausal bone loss.
Materials and Methods
Animals, in Vivo T-Cell Depletion, and Treatment with Anti-CD40L Ab. All the animal procedures were approved by the Institutional Animal Care and Use Committee of Emory University. WT mice were depleted of T cells in vivo as previously described (38) . Effective depletion was confirmed by flow cytometry (Fig. S4 ). Mice were injected i.p. with 250 μg of the anti-mouse CD40L Ab MR-1 (40) (a gift of C. Larsen, Emory University) or isotypematched irrelevant Ab at days −6, −3, 0, 7, and 14 relative to surgery.
μCT Measurements and Quantitative Bone Histomorphometry. μCT scanning and analysis of the distal femur were performed as reported previously (38) using a Scanco μCT-40 scanner (Scanco Medical). Histomorphometric analysis of the distal metaphysis of the femur was performed as described (38) by the Histomorphometry Core Laboratory of the University of Alabama at Birmingham. Additional information is provided in SI Materials and Methods.
In Vitro OC Formation. Whole BM or a mixture of BMMs, SCs, and T cells was cultured for 7 d in the presence of either 15 ng/mL RANKL (kindly provided by X. Feng, University of Alabama at Birmingham) and 10 ng/mL M-CSF or human PTH 1-34 (1 nM) to induce OC formation as described (38) . Additional information is provided in SI Materials and Methods.
SC Purification and SC and T-Cell Coculture. SCs were purified and cocultured with T cells as described (38) . Additional information is provided in SI Materials and Methods.
Serum CTx and Cytokine Assays. Serum CTx was measured by ELISA as described (38) . TNF, RANKL, OPG, and M-CSF were measured in 72-h T-cell and SC culture medium by ELISA as described (38) .
CFU-ALP Assay and Thymidine Incorporation Assay. Colony-forming assays and a [
3 H]thymidine incorporation assay were carried out as described (38) . Additional information is provided in SI Materials and Methods.
Flow Cytometry, Real-Time RT-PCR, and Primers. Assays were carried out as previously described (38) . Additional information is provided in SI Materials and Methods.
Statistical Analysis. Information is provided in SI Materials and Methods.
